Oceanic surface waves are generated by winds blowing over the oceanic surface of which the strength depends on how strong, how long, and how far the winds blow (Kinsman, 1965; Knauss, 1996) . Since the waves can travel far from their origin of propagation to over thousands of kilometers as swell, they can have remarkable influences on non-local remote coastal regions. Therefore, the waves at local coastal stations Abstract : Significant Wave Height (SWH) data measured by satellite altimeters (Topex/Poseidon, Jason-1, Envisat, and Jason-2) were validated in the seas around Korea by comparison with wave height measurements from marine meteorological buoy stations of Korea Meteorological Administration (KMA). A total of 1,070 collocation matchups between Ku-band satellite altimeter data and buoy data were obtained for the periods of the four satellites from 1992 to the present. In the case of C-band and S-band observations, 1,086 matchups were obtained and used to assess the accuracy of satellite SWH. Root-Mean-Square (RMS) errors of satellite SWH measured with Ku-band were evaluated to roughly 0.2 _ 2.1 m. Comparisons of the RMS errors and bias errors between different frequency bands revealed that SWH observed with Ku-band was much more accurate than other frequencies, such as C-band or S-band. The differences between satellite SWH and buoy wave height, satellite minus buoy, revealed some dependence on the magnitude of the wave height. Satellite SWH tended to be overestimated at a range of low wave height of less than 1 m, and underestimated for high wave height of greater than 2 m. Such regional characteristics imply that satellite SWH should be carefully used when employed for diverse purposes such as validating wave model results or data assimilation procedures. Thus, this study confirmed that satellite SWH products should be continuously validated for regional applications.
around Korea consist of numerous waves interacting with other waves while travelling at different speeds and different frequencies. Recent studies on the relationship between increasing wave height and climate change have shown that global wave height has increased along with an increase in oceanic wind speed over nearly the past two decades (Young et al., 2011) .
Satellite altimetry is a well known means of measuring sea level, which utilizes radar return times from the sea surface to the platform. Representative altimeters, such as Topography Experiment/Poseidon (Topex/Poseidon), European Remote Sensing-1/2 (ERS-1/2), Jason-1, Environmental Satellite (Envisat), and Jason-2, have provided us with good quality global sea surface height measurements for the past several decades since late 90's (Fu et al., 1994; Resti et al., 1999; Menard et al., 2003; Lambin et al., 2010) . In principle, these altimetric measurements can be used to obtain Significant Wave Height (SWH). A radar pulse by the altimeter bounces off a rough sea surface.
Received power from the sea surface to the altimeter is a function of time after emission of the microwave pulse. As the sea surface is rough and surface height is high, the slope of the returned power is reduced. Using the amplitude and waveform of the return signal, we can estimate wave height as well as wind speed from satellite altimeter (e.g. Brown, 1977; Fedor et al., 1979; Hayne, 1980; Chelton and McCabe, 1985; Goldhirsh and Dobson, 1985; Chelton and Wentz, 1986; Rodriguez and Chapman, 1989; Callahan and Rodriguez, 2004) . Ocean (Gower, 1996) . SWH estimates from the recent Jason-1 and Envisat altimeter missions had been tested using buoy and cross altimeter comparisons (Queffeulou, 2004) . In the Gulf of Mexico, 42, 035 matchups between Topex/Poseidon and buoys showed RMS errors of 0.15-0.18 m, bias error on the order of 0.05 m, and correlation coefficients of 0.96 and 0.94 for Ku-band and C-band, respectively (Hwang et al., 1998) . The RMS difference between Jason-1 and buoy data was 0.227 m (Durrant et al., 2009) . respectively (Ebuchi and Kawamura, 1994) .
As far as vigorous studies on validation and application of SWH data are concerned, fairly little research has been conducted in the seas around Korea. Kim (2012) presented RMS errors of SWH data from the Envisat altimeter by using buoy wave height data at Ieodo station. Except for this research, studies have failed to paid much attention to the accuracy of SWH in the seas around Korea and its applications in oceanic research. Korea Meteorological Administration (KMA) has predicted and forecasted wave height using numerical wave models like WAM since 1999. Sooner or later, domestic institutions are anticipated to use satellite wave height data, just as is they do with other satellite data, to improve the accuracy of numerical wave models. Thus, satellite SWH products should be continuously validated by comparison with in-situ measurements from marine meteorological buoy stations in the seas adjacent to Korea.
KMA has been operating and maintaining several marine meteorological buoy stations from 1996 to the present. Out of these stations, we selected 4 to represent the characteristics of SWH at the western, southern, and eastern coastal regions of Korea. Fig. 1 shows the locations of the four buoy stations (Chilbaldo, Oeyeondo, Marado, and Pohang) and SWHs along the satellite Korean Journal of Remote Sensing, Vol.29, No.6, 2013 altimeter tracks of Topex/ Poseidon, Jason-1, Envisat, The objectives of this study are (1) to produce a matchup database between SWH data from satellite altimeters and in-situ wave height measurements from the buoy stations in the seas around Korea, (2) to evaluate the accuracy of satellite SWHs at each buoy station and each satellite during the entire period of satellites, and (3) to understand the characteristics of regional SWH errors. Geophysical Data Records (GDR) of AVISO contained fully accurate altimeter data, with a high precision orbit (accuracy of about 2.5 cm) (Picot et al., 2003) . The GDR also contained all relevant corrections needed to calculate the state of the sea surface. We used the data product and enhanced it with atmospheric correction and other fundamental procedures.
Data

1) Satellite Altimeter Data
SWH track data have a spatial resolution of about 11.2 km along track and a repeat period of about 10 days for Topex/Poseidon, Jason-1, and Jason-2, and about 35 days for Envisat (Table 1) Considering this fact, we selected those buoy stations, which were farther from the coast than others, whenever possible.
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2) Buoy Data
To the present, KMA has been operating 9 marine meteorological buoy stations in the seas around Korea.
Since the East Sea does not have many islands and is typified by a monotonous coastline, making accurate altimetric measurements relatively easier than in than the Yellow Sea. However, the lifespan of marine meteorological buoy stations does not sufficiently overlap with the satellite data period, at least not enough to produce a considerable amount of matchup data.
Thus, considering both the operational periods of each buoy station and their distances from the coast, we selected 4 buoy stations (Chilbaldo, Oeyeondo, Marado, and Pohang) that can represent the characteristics of SWHs on each side of offshore regions around Korea.
For our convenience, we used marked the stations from 'A' to 'D' as shown in Table 2 . Although Chilbaldo (A) is the station nearest to the coast among the stations, we included it because it has operated for the longest period, over 17 years since 1996 (Fig. 2 ).
For the validation of Jason-1, Envisat, and Jason-2 products, wave height data were obtained from three (Table 2 ). The other stations showed relatively small distances from the satellite tracks at a range from 2.60 -37.36 km. Previous literature permitted a distance of up to 50 km between a buoy station and a satellite track in the collocation procedure .
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Method
1) Calibration of Buoy Data
Prior to the collocation procedure between satellite data and buoy data, we calibrated the buoy data with a few tests (Fig. 3) . First of all, we read wave height data and auxiliary data, such as time, latitude, longitude, and climatology wave height, and tried to test if the wave height value is within the normal range by giving an upper limit to wave height (25 m). For example, in the case of Chilbaldo station (A in Fig. 1 ), wave height reached 146 m, which is obviously regarded as abnormal. Thus, we eliminated such enormously high wave heights in the first step of the calibration procedure. Then, we applied a spike test by eliminating data with extremely high temporal difference of wave heights between present and previous value for an hour (Threshold 2 = 10 m). Lastly, we applied a regional test to get rid of wave height data that shows extremely high deviations from the climatology database of wave heights at a given station (Threshold 3 = 9 m). Data passing through the tests were regarded as acceptable data for comparison with satellite data.
2) Removal of Erroneous Altimeter Data
Satellite altimeters have long been developed to maintain a required level of accuracy and their data has been successfully distributed to users through various websites. In general, the data sets have their own flags for identifying the quality of each data. However, even after applying the quality flag to the data, erroneous values still remained in some cases. These values were occasionally so extremely high that they would affect the entire result of the validation. Thus, we developed a calibration procedure similar to that used for buoy data. When the waveform average dropped to less than 75% of the maximum number, the data was determined to be erroneous and was removed from the flag information at the suggestion of Zieger et al. (2009) .
3) Collocation Procedure
We have generated a matchup database between satellite SWH and buoy data as in-situ wave height observations. The overall flowchart of the collocation procedure was presented in Fig Previous literature mentioned that a limit of 50 km offshore is a sufficient distance to avoid coastal contamination (Durrant et al., 2009) . However, most of the buoy stations in the seas around Korea rarely satisfy this condition. Accordingly, we loosened the constraint by reducing the distance to 18 km.
4) Bias and RMS Errors
Various statistical parameters are utilized to reveal the accuracy of satellite SWH which include bias, RMS, scatter index (SI), and a linear correlation coefficient (R). For two variables X and Y, the parameters can be written as follows. Vol.29, No.6, 2013 -6 36- 
where Xi is satellite SWH, Yi is buoy wave height, N is the number of the collocation data with respect to each satellite, and _ X, _ Y represents the mean values of X and Y over the entire period, respectively. The SI is a standard metric for wave model intercomparison (Clancy et al., 1986) and has been used for operational forecasts (Janssen et al., 1984) . It represents the contribution of the standard deviation of errors to the average value. In this study, lower values of the SI are an indication of a better coincidence.
Results
1) Matchup Database
After the removing buoy data and satellite data of poor quality, 1,070 matchups for Ku-band and 1,086 matchups for C-or S-bands were obtained for the assessment of satellite SWH accuracy (Table 3 and 4). (Table 3 ). This matchup distinction among satellites using Ku-band was similarly found in the measurements taken by Cor S-band altimeters (Table 4) . 
2) Accuracy of Satellite Significant Wave Height
Validation of Significant Wave Height from Satellite Altimeter in the Seas around Korea and Error Characteristics -6 37 - Topex/Poseidon, Jason-1, and Jason-2, and S-band (3.2 GHz) for Envisat with Ku-band. Overall, the wave heights measured from both satellite and buoy stations were correlated with relatively small correlation coefficients from _ 0.09 to 0.18 for Ku-band observation at station over the period of 1996 to 2013 (Table 5) . In general, satellite errors observed by altimeters in Korean Journal of Remote Sensing, Vol.29, No.6, 2013 -6 38- 
Jason -1  12  9  7  9  8  8  8  9  7  8  11  12  108  Envisat  3  3  0  2  1  1  0  1  3  0  2  2  18  Jason-2  14  7  8  13  12  10  11  12  12  11  12  15  137  Total  109 85  79  85  86  85  88 103 77  85 100 104 1,086 the global ocean have known to be less than approximately 0.3 m (Gower, 1996; Hwang et al., 1998 Queffeulou 2004 Durrant et al., 2009). However, even in the open ocean, each individual satellite wave height shows some deviation from in-situ measurements.
Similarly, the satellite wave heights near the Korean coast also reveal some large deviations, in excess of 2-m in relation to buoy wave heights, as shown by points with large deviations in Fig. 6 . (Fig. 7e ).
Jason-2 Ku-band SWH at station D also revealed good correlation with buoy measurements (RMS = 0.40 m) (Table 5 ).
Statistical parameters of C-or S-band SWH across stations A to D were listed in Table 6 . SWHs from Jason-1 exhibited large errors when wave heights from buoy stations were as low as 1.5 m. This tendency seemed to be detected from other satellites and other bands as well. General errors of C-and S-bands were larger than Ku-band measurements. This result coincides with previous literature (Hwang et al., 1998) .
To understand the error characteristics, we investigated the causes of the errors in the following section. However, detailed mechanisms on the tendency of underestimation and overestimation have not been investigated in detail and require further study.
Summary and Conclusion
As one of representative oceanic variables, sea surface temperature has long been used to monitor the oceanic environment and predict potential change in the future (e.g. Park et al., 2008; Park et al., 2011) . In contrast to SST, satellite SWH has not been given much attention in so far as its real-time use or diverse applications. However, it is one of the important variables used to forecast oceanic wave conditions.
Over the past several decades global wave height has been reported to be steadily rising and as a result generating extreme weather events related to climate change. Moreover, the increased wave height has also
Validation of Significant Wave Height from Satellite Altimeter in the Seas around Korea and Error Characteristics -6 41 - Devastating waves along the coasts surrounding Korea have been increasing over the past decades. In most of cases, the extreme wave heights have not been locally produced, but propagated from remote areas in the offshore regions. Therefore, monitoring wave height far from the coastal area is also just as significant as in-situ measurements of wave height at local buoy stations. In light of this, monitoring of SWH using satellite altimetry should be continuously performed Korean Journal of Remote Sensing, Vol.29, No.6, 2013 -6 42- and validation should also be conducted to ensure the accuracy of satellite SWH products for a variety of regional applications.
